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ABSTRACT 
The NASA-Ames R e s e a r c h  Cen te r ’ s  L u s t e r  m i c r o m e t e o r i t e  collecting 
rocke t  was  successfu l ly  flown on 16  November 1965, dur ing  the Leonid 
m e t e o r  shower  and col lected fo r  206 seconds  between al t i tudes of 63 and 
144 km. Our co l lec tor  su r face  consis ted of t i tanium, tungsten,  and molyb- 
denum e lec t ron  mic roscope  s c r e e n s  each  with a s u b s t r a t e  of s i l i con  monoxide 
and a shadow coat  of nickel  o r  indium; they w e r e  designed to withstand 
heat ing t o  l , O O O ° C .  
whether  radiat ion damage distinguished e x t r a t e r r e s t r i a l  from t e r r e s t r i a l  
pa r t i c l e s ;  the secondary  objective w a s  to obtain flux, compos i t ion ,  and 
o the r  data  about  the mic rometeo r i t e s .  
The p r i m e  objective was  to t e s t ,  by hea t  anneal ing,  
Heating t e s t s  w e r e  completed on  one group of 58 pa r t i c l e s  and on  2 individual 
pa r t i c l e s .  
damage  anneal ing but i t  a l so  showed s o m e  morphologic changes.  
concluded that  a l l  the studied par t ic les  could be contaminants  a n d  that m o r e  
pa r t i c l e s  m u s t  be s tudied,  together with composi t ion and o t h e r  da t a ,  before  
a conclusive answer  can  be given as to whether rad ia t ion  damage is  a c r i -  
t e r ion  f o r  m i c r o m e t e o r i t e s .  However, the hea t -produced  morphologic 
changes d iscovered  in  this  s tudy may a l s o  prove to be impor tan t  in  d is t in -  
guishing m i c r o m e t e o r i t e s  f r o m  contaminants. 
No chemica l  e l emen t s  have yet been identified in  p r e l i m i n a r y  e l ec t ron  probe  
ana lyses  . 
Of these ,  only one par t ic le  showed evidence of poss ib le  rad ia t ion  
It was 
The flux obse rved ,  based  on 8 individual pa r t i c l e s  and 2 groups of pa r t i c l e s ,  
2 is 0 . 3  p a r t i c l e / m m  of col lector  sur face  if each  group is counted as a s ingle  
pa r t i c l e ,  o r  2 p a r t i c l e s / m m 2  if e.very pa r t i c l e  in the group is  counted. 
These  va lues  do not include co r rec t ions  f o r  one-shadowed’ contaminants  o r  
fo r  scanning efficiency. 
... 
Ill 
CONTENTS 
INTRODUCTION 1 
PREVIOUS WORK LEADING T O  CONTRACT STUDY 3 
LUSTER 1965 FLIGHT AND COLLECTOR DESCRIPTION 5 
STUDY PROCEDURES AND RESULTS 7 
RECOMMENDED FUTURE STUDIES 17 
BIBLIOGRAPHY 19 
LIBRARY CARD ABSTRACT 3 1  
V 
FIGURES 
1 Ti tan ium Supporting Sc reen  fo r  L u s t e r  Sub- 
s t r a t e s ,  Showing Keyed Cen te r  Hole 
2 Col lect ion Surface  Flown on 1965 L u s t e r  Rocket 
3 Tube Furnance  Used in Heating Exper imen t s  
4 P a r t i c l e  on S c r e e n  G-16 and its Diffraction 
Pa t t  e r n s  
5 S t e r e o  Pair of Pa r t i c l e  on S c r e e n  G-16 
6 Fluffy P a r i c l e s  on Sc reen  N-16 
7 Three -Lobed  P a r t i c l e  on S c r e e n  P - 1 5  and its 
Diffraction P a t t e r n s  
8 P a r t i c l e  on S c r e e n  A-16 
9 
10 One-Shadowed Contaminant P a r t i c l e s  on Sc reen  
La rge  Fluggy P a r t i c l e  on S c r e e n  A-16 and its 
Diffraction P a t t e r n  
C-  16 and T h e i r  Diffraction P a t t e r n s  
Low Magnification P ic tu re  of P a r t i c l e  of F i g u r e  4 
(Label led A) Used i n  Locating P a r t i c l e  i n  E l e c -  
t r o n  P r o b e  
11 
12 Back-Sca t te red  E lec t ron  P i c t u r e  of Same  a s  
13 
14 
15 
16 
F i g u r e  11 
Na KO X-Ray Scan of Same A r e a  as Figure 11 
F e  KCy X-Ray Scan of Same A r e a  a s  F i g u r e  11 
Group of P a r t i c l e s  on S c r e e n  P- 15 
Dense P a r t i c l e  on Sc reen  N-16 With S m a l l  
Fluffy P a r t i c l e s  Apparently Derived F r o m  It 
P a r t i c l e  on S c r e e n  N-16 (Note S imi l a r i t y  to 
P a r t i c l e  of F i g u r e  4 )  
17 
18 Particle on S c r e e n  P - 1 5  
21 
21 
21 
22  
23  
23 
24 
26 
26 
27 
29 
29 
29 
29 
30 
30  
30 
30 
vi i 
IN T R ODU C TI ON 
The impor tance  of c o s m i c  dust  in genera l  and m i c r o m e t e o r i t e s  in par t icu lar  
hard ly  needs to be pointed out today. 
to s c i e n c e  and the space  p r o g r a m  because they a r e  additions to,  and eros iona l  
agents  of,  lunar  and p lane tary  sur faces ;  they a re  increments  to the l i tho- 
s p h e r e  and the a tmosphere  of the Ear th ;  and they a r e  potential e ros iona l  and 
des t ruc t ive  agents of man-made  space hardware .  
These  par t ic les  a r e  of g r e a t  i n t e r e s t  
Although near ly  100 y e a r s  have passed s ince m i c r o m e t e o r i t i c  contributions 
to the sed iments  of t e r r e s t r i a l  oceans w e r e  f i rs t  recognized ( M u r r a y ,  1876), 
a n  intensive study of these par t ic les  h a s  commenced only with the advent of 
high-altitude a i r c r a f t ,  rocke ts ,  and Ear th-orb i t ing  sa te l l i t es  during the p a s t  
decade. 
ind i rec t  approach that deduced par t ic le  flux, velocity,  and o ther  c h a r a c t e r i s -  
t ics  f r o m  impacts  on sensing devices usually flown on sa te l l i t es .  The second 
i s  the d i r e c t  approach in which the par t ic les  themselves  a r e  collected and 
studied. 
The s tudies  have used two g e n e r a l  approaches.  The f i r s t  i s  the 
This  r e p o r t  p resents  the r e s u l t s  of a 4-month investigation of par t ic les  col-  
lected with the NASA-Ames R e s e a r c h  C e n t e r ' s  L u s t e r  rocke t  which was  
successfu l ly  flown on 16 November 1965. 
Cont rac t  NASw-1401, executed 7 J u l y  1966 with the National Aeronaut ics  and 
Space Adminis t ra t ion Headquarters .  
radiat ion damage ,  a s  revealed by resumption of the c rys ta l l ine  s ta te  with 
heating, could provide a c r i t e r i o n  for distinguishing e x t r a t e r r e s t r i a l  f r o m  
t e r r e s t r i a l  par t ic les ,  a c r u c i a l  problem in all d i r e c t  par t ic le  s tudies .  
s e c o n d a r y  purpose was  to determine s i z e ,  shape,  abundance, composition, 
and o t h e r  important  c h a r a c t e r i s t i c s  of m i c r o m e t e o r i t e s .  
The s tudy was per formed under 
I ts  p r i m a r y  purpose was  to t e s t  whether 
A 
We wish  to thank P . A .  L a r s s e n  and E. L. Mil ler  f o r  the i r  valuable help with 
the e l e c t r o n  probe analysis .  
1 
PREVIOUS WORK LEADING TO CONTRACT STUDY 
The f i r s t  successfu l  collection of par t ic les  f r o m  high alt i tudes fo r  d i r e c t  
s tudy was made with the Venus F ly t rap  rocke t  flown o n  6 June  1961 by the 
Ai r  F o r c e  Cambr idge  R e s e a r c h  Labora to r i e s  (AFCRL).  The A F C R L  inves-  
t i ga to r s ,  on  the bas i s  of controls  built into the expe r imen t ,  concluded that 
m i c r o m e t e o r i t e s  had been collected and were  distinguishable f r o m  contami-  
nant par t ic les  of t e r r e s t r i a l  origin.  
displayed no diffraction pa t te rns  in the e l ec t ron  mic roscope ,  possibly 
because  of radiation damage sustained in space  (Soberman,  e t  a l . ,  1961; 
Hemenway and Soberman,  1962). An a l te rna t ive  explanation, that  the par t i -  
c les  m a y  have been crys ta l l ine  but too dense to yield diffraction pa t te rns ,  
was ruled out by Greenman and Gilpin ( in  p r e s s ) ,  who showed that par t ic les  
of  the s i l i ca t e s ,  olivine and enstat i te ,  in the s a m e  s i ze  r ange  yielded d is t inc t  
diffraction pat terns .  
They a l so  found that m i c r o m e t e o r i t e s  
A F C R L  subsequently provided us with s a m p l e s  f r o m  this collection. 
a t tempted to tes t  for  the p re sence  of radiat ion damage  by heating the par t ic les  
to s e e  if crystal l ini ty ,  a s  evidenced by the appea rance  of e lec t ron  diffraction 
pa t t e rns ,  could be r e s to red  at t e m p e r a t u r e s  below the melt ing point. This 
t e s t  was impor tan t  because  no positive c r i t e r i a  a r e  known by which m i c r o -  
m e t e o r i t e s  can  be recognized without ambigui ty  in any  par t ic le  collection. 
If radiat ion damage were  p re sen t ,  i t  would consti tute such  a c r i t e r ion .  
r e a s o n  is  that  the bulk of the t e r r e s t r i a l  contaminants  in m i c r o m e t e o r i t e  
collections should be e i ther  crystal l ine o r  amorphous  , not radiat ion-  
damaged to any significant degree .  P a r t i c l e s  of e x t r a t e r r e s t r i a l  o r ig in ,  on 
the o the r  hand, could suffer such  damage to the c rys ta l l ine  la t t ice ,  accord ing  
to the calculations of Ryan (1964) .  
s m a l l  par t ic les  that  f a l l  through the a t m o s p h e r e  too slowly to undergo a p p r e -  
ciable f r ic t iona l  heating. 
We 
The 
Moreove r ,  the damage  could surv ive  in 
Although s e v e r a l  types of s u b s t r a t e  w e r e  used as co l lec tors  on the Venus 
F l y t r a p  fl ight,  none w e r e  wel l  suited f o r  heating t e s t s  of this kind. 
faulty subs t ra te ,  thin f o r m v a r  double-shadowed with a luminum,  had the d i s -  
advantage that the low melt ing point of a luminum,  about 660°C, prevented the 
r u n s  f r o m  being c a r r i e d  out above about 50OoC. In addition, a t  t e m p e r a t u r e s  
below 5OO0C, heating caused enough damage to the s u b s t r a t e  to make  i t  
a l m o s t  impossible  to follow the s a m e  par t ic le  through e v e r y  heating s tage .  
F o r  this reason ,  a s ta t i s t ica l  approach  w a s  used in which as m a n y  p a r t i c l e s  
as possible were  examined af te r  each  s tage.  
The l e a s t  
The r e s u l t s  of heating to 2 5 0 ° C ,  4OO0C, and 5OO0C w e r e  that,  in g e n e r a l ,  
the percentage of par t ic les  showing evidence of c rys ta l l in i ty  i n c r e a s e d  with 
increas ing  tempera ture .  S ta t i s t ica l  ana lys i s  indicated that  the c rys ta l l in i ty  
was  probably produced by the heating, although the differences in the p e r -  
centages w e r e  not  g r e a t  enough to be c e r t a i n  on this point. 
of the diffraction spots  w e r e  found to cor respond r a t h e r  wel l  with those of 
olivine and enstat i te ,  the m a j o r  m i n e r a l s  of the m o s t  abundant m e t e o r i t e  
type, indicating that annealing of radiat ion damage  could have o c c u r r e d .  On 
the o ther  hand, s i m i l a r  cor respondence  w a s  found with o t h e r  materials, such  
as mica and aluminum oxides and hydroxides ,  that  could be contaminants o r  
reac t ion  products formed i n  the c o u r s e  of the heating t e s t s .  
a r e  descr ibed  by Greenman (1963, 1964). 
The d-spac ings  
These  s tudies  
The r e s u l t s  of these  f i r s t  tests w e r e  thus suggest ive,  though inconclusive.  
A s  the difficulties w e r e  caused chiefly by the inadequate hea t  r e s i s t a n c e  of 
the available s u b s t r a t e s ,  we developed a sui table  s u b s t r a t e  and support ing 
s c r e e n  assembly  f o r  subsequent rocke t  collection f l ights .  
a t i tanium supporting s c r e e n  with a s u b s t r a t e  of s i l icon monoxide shadowed 
with nickel. Tes ts  showed that  this a s s e m b l y  had good collection efficiency 
and was  ab le  to withstand heating to 95OoC with only a s m a l l  amount  of 
damage ,  although the nickel  shadow was  found to have disappeared.  
d i sappearance  of the nickel was considered a n  advantage in  that i t  reduced 
the s u b s t r a t e  thickness.  For this r e a s o n ,  indium, which h a s  a vapor  p r e s -  
s u r e  a t  1 ,  OOO°C much g r e a t e r  than that of nickel ,  was  a l s o  used as  a 
shadowing meta l  on the L u s t e r  collecting s u b s t r a t e s .  
This  consis ted of 
The 
LUSTER 1965 FLIGHT AND COLLECTOR DESCRIPTION 
The L u s t e r  m i c r o m e t e o r i t e  collecting rocket  was successful ly  flown f r o m  
the White Sands Proving  Ground, New Mexico, on  16 November 1965 during 
the Leonid m e t e o r  shower.  
mounted on  a r m s  that extended and r e t r a c t e d  during fl ight,  and the e n t i r e  
a s s e m b l y  w a s  parachuted to the ground and r e c o v e r e d .  Collection was  c a r -  
r ied out  f o r  206 s e c  between alt i tudes of 63 and 144 k m  ( F a r l o w  and Blanch- 
a r d ,  1966). 
R e s e a r c h  Center  and included col lectors  f r o m  guest sc ien t i s t s  a t  Douglas 
and a t  a number of o ther  organizations.  
The nose cone c a r r i e d  par t ic le  co l lec tors  
The exper iment  was  under the d i rec t ion  of the MASA-Ames 
The Douglas collection s u r f a c e  was prepared  by f i rs t  cast ing a thin f i lm of 
parlodion on water .  
s c r e e n s  and dr ied .  
denum (other  high melt ing point meta ls )  w e r e  a l s o  used to provide a var ie ty  
of col lector  types for  the heating exper iments .  
s c r e e n s  have keyed center  holes a n d  elongated openings which g r e a t l y  fac i l i -  
tate the mapping of par t ic les  and finding them again a f t e r  each  s tage of 
heating ( F i g u r e  1) .  
the parlodion, a f t e r  which the parlodion was  dissolved with a m y l  ace ta te .  
When d r y ,  the s c r e e n s  and subs t ra tes  w e r e  coated with approximately 25A 
of nickel  o r  indium deposited in a vacuum evapora tor  a t  a n  angle of 15' to 
the sur face .  Af te r  prepara t ion ,  s e v e r a l  s c r e e n s  w e r e  examined in the 
e lec t ron  microscope  to make s u r e  that the s u b s t r a t e s  w e r e  in  good condition 
and that contamination was  slight.  
The parlodion was then picked up on the t i tanium 
In addition to t i tanium, s c r e e n s  of tungsten and molyb- 
The t i tanium and tungsten 
The sil icon monoxide s u b s t r a t e  was  next deposited on  
0 
The finished col lector  s c r e e n s  were  mounted on a Luci te  b a s e ,  55 x 5 0 x  3 mm, 
with Scotch brand "410" double-sided tape. 
attached to one end of the Lucite plate to c o v e r  th ree  rows  of s c r e e n s  with an  
a i r  gap of about 1 . 5  mm. 
An aluminum-coated shield was 
This was f o r  the purpose of contaminant control ;  
5 
the covered s c r e e n s  w e r e  shielded f r o m  impact  by p a r t i c l e s  during the 
collection phase of the flight but could accumula te  contaminants  c a r r i e d  in 
by a i r  cur ren ts  a t  o ther  t imes .  
was  shipped in  a cleaned and sealed plast ic  box to NASA-Ames R e s e a r c h  
Center  f o r  incorporation into the L u s t e r  f l ight  package. Also ,  an  identical  
s u r f a c e  w a s  shipped to be used as  a s p a r e ,  and a s e t  of s l ides  with 10 sub-  
s t r a t e s  each  w a s  shipped to be exposed in the A m e s  l a b o r a t o r y  and in the 
White Sands portable c lean room where  the f ina l  a s s e m b l y  of the flight 
ins t rument  took place. 
The completed collection s u r f a c e  ( F i g u r e  2) 
These  w e r e  to be used as contaminant  controls .  
Af te r  the flight, the flight s a m p l e ,  s p a r e ,  and cont ro ls  w e r e  re turned  to 
Douglas where,  in a C l a s s  100 clean r o o m ,  they w e r e  opened and given a 
second nickel  o r  indium coat  a t  15' to the s u r f a c e  and a t  about 90' to the 
f i r s t  coat.  This double-shadowing technique s e r v e d  as  a control  to s e p a r a t e  
preflight contaminants,  which should show two m e t a l  shadows,  and postflight 
contaminants ,  which should show none, f r o m  p a r t i c l e s  collected in fl ight,  
which should show only one. 
shadowings should a l so  show one shadow. Double-shadowing, in-flight 
shielding, and laboratory-exposed s u b s t r a t e s  thus w e r e  the three  types of 
contaminant control used in this study. 
Contaminants deposited during the t ime between 
6 
STUDY PROCEDURES AND RESULTS 
OBJECTIVES AND PROCEDURES 
The p r i m e  objective of this study was to invest igate ,  by means  of heat  
annealing tes t s  like those begun in  the e a r l i e r  Venus F l y t r a p  work,  the 
question of whether radiation damage can  be used to distinguish e x t r a t e r r e s -  
t r i a l  f r o m  t e r r e s t r i a l  par t ic les .  
obtain composition information on the par t ic les  f r o m  e lec t ron  probe and 
e lec t ron  diffract ion ana lys i s ,  to obtain data on abundance f r o m  part ic le  counts,  
and to obtain d a t a  on s i z e ,  shape,  a n d  o ther  morphological p r o p e r t i e s  f r o m  
e l e c t r o n  microscope  observat ions.  
Secondary objectives of the s tudy w e r e  to 
To accompl ish  the p r i m a r y  objective,  all par t ic les  with one shadow w e r e  
init ially considered to be of possible e x t r a t e r r e s t r i a l  o r ig in  and w e r e  mapped 
and counted. 
of dis t inct ive morphology w e r e  found with both one and two shadows; all of 
these  w e r e  c lassed  as  contaminants.  
p a r t i c l e s  in s tages  of increasingly higher t e m p e r a t u r e s  and a f t e r  each  s tage  
to examine the e lec t ron  diffract ion pat terns  f o r  evidence of newly produced 
crystal l ini ty .  
2OO0C in te rva ls  to a maximum of 1 , OOO°C o r  until diffraction effects  w e r e  
observed  in  the par t ic les .  
heated tube furnace  ( F i g u r e  3).  T e m p e r a t u r e s  w e r e  maintained within 10' of 
the nominal  sett ing f o r  1 hour ,  and the furnace  was then allowed to cool slowly 
to r o o m  tempera ture .  In the e a r l y  r u n s ,  the s c r e e n s  w e r e  placed in a tungsten 
container  which, in turn,  was  placed in an  Inconel tube that f i t  into the furnace.  
A t  higher  t e m p e r a t u r e s ,  s o m e  sticking of the t i tanium s c r e e n  to the tungsten 
container  and s o m e  diffusion of one m e t a l  into the o ther  made  i t  n e c e s s a r y  to 
r e p l a c e  the Inconel tube with one of quartz  and the tungsten box with quar tz  
boats to hold the s c r e e n s .  
The only exception to this was in the few c a s e s  where  par t ic les  
The procedure  then w a s  to heat  the 
T e s t  t e m p e r a t u r e s  began a t  2OO0C and w e r e  increased  in 
Heating w a s  done in a three-zone  r e s i s t a n c e -  
7 
TO prevent  chemical  reac t ions  of the p a r t i c l e s  with a t m o s p h e r i c  g a s e s ,  
espec ia l ly  oxygen and water  vapor ,  the heating w a s  c a r r i e d  out in  a n  i n e r t  
gas  a tmosphere .  
a rgon  a t  a flow r a t e  of 7 l i t e r s / m i n  in the Inconel tube and 2. 4 l i t e r s / m i n  in 
the quar tz  tube. 
in the Inconel and quartz  tubes during the heating and subsequent  cooling. 
The tube was f i r s t  purged f o r  1 / 4  hour with high puri ty  
These w e r e  reduced to 2. 4 and 1 . 4  l i t e r s / m i n ,  respec t ive ly ,  
STUDY RESULTS 
Heat Annealing Exper iments  
P a r t i c l e s  with one shadow w e r e  found on 4 of the 17 s c r e e n s  examined.  These  
s c r e e n s  and the coordinate s y s t e m  by which they a re  designated a r e  shown in 
F i g u r e  2. 
with nickel  shadow coats .  
Al l  four  of the s c r e e n s  with one-shadowed par t ic les  a r e  t i tanium 
The one-shadowed par t ic les  found cons is t  of 8 individual ones  ( 2  of which w e r e  
found only af ter  hea t  t r e a t m e n t ) ,  one group of 5,  and one l a r g e  group of 58 
o r  m o r e .  
pletely through the heating t e s t s ,  2 individual ones a r e  s t i l l  being tes ted ,  2 
have been los t  o r  a r e  otherwise not capable of being studied f u r t h e r ,  and the 
remain ing  group a n d  2 individuals a r e  available for  additional investigations.  
Of these,  the l a r g e  group and 2 individual par t ic les  have gone com-  
F i g u r e  4 shows a par t ic le  f r o m  s c r e e n  G-16, the only par t ic le  of those studied 
in which definite diffraction effects f r o m  heating have been found. 
c le ,  about 0 . 9  m i c r o n  in i ts  longest dimension,  had a dense  nucleus s u r -  
rounded by a l e s s  dense r i m .  
to 40OoC. 
the par t ic le  (the broad diffuse r ings a r e  a t t r ibutable  to the s u b s t r a t e ) .  
heating to 6OO0C, however,  the nucleus became much l e s s  dense ,  and a d a r k ,  
mottled a r e a  appeared around the par t ic le ,  although i ts  o r ig ina l  outl ines w e r e  
not g r  e at1 y modified . 
The p a r t i -  
Essent ia l ly  no change o c c u r r e d  a f te r  heating 
Neither w e r e  there  any e lec t ron  diffraction effects  assoc ia ted  with 
Af te r  
The diffraction pa t te rn  a f t e r  heating to 600°C shows a s y m m e t r i c a l  l ine of 
s p o t s ,  a n  inner pair  corresponding to a d-spacing of about 2.8A and a n  o u t e r ,  
s e c o n d - o r d e r ,  pa i r  corresponding to a d-spacing of about 1.4A. 
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t h i r d - o r d e r  spot  of d-spacing 0.9A is a l s o  faintly seen .  
assoc ia ted  with the par t ic le  because the diffraction pa t te rn  of the s u b s t r a t e  
is devoid of these  spots ,  although the sharpening of the r ings  indicates  that  
s o m e  recrys ta l l iza t ion  of the nickel shadow coat  has  taken place. 
These  a r e  
B e c a u s e  of the morphological change in  the par t ic le ,  i t  is not possible  to 
conclude definitely that annealing of radiat ion damage o c c u r r e d .  In fact, 
these  changes a t  600°C make  one suspicious as to whether  i t  is of e x t r a t e r -  
r e s t r i a l  o r i g i n  a t  all, despi te  i ts  single shadow. This point of the possible  
use  of heating to distinguish e x t r a t e r r e s t r i a l  f r o m  t e r r e s t r i a l  par t ic les  wi l l  
be  d iscussed  in a l a t e r  section. 
prominent  l ines  in both olivine and enstati te.  
cannot be made f r o m  only one d-spacing, because  o ther  subs tances  m a y  a l s o  
have l ines  with this value.  I t  is a l so  possible that the mottled a r e a  is caused 
by recondensat ion of m a t e r i a l  volatilized f r o m  the par t ic le  in  the c o u r s e  of 
heating and that this crystal l ized m a t e r i a l  has  given r i s e  to the diffraction 
pat tern.  
effect  by heating with the e lec t ron  beam in the e l e c t r o n  microscope .  
possibil i ty i s  that  the par t ic le  m a y  have s imply  changed posit ion by sliding, 
leaving the mottled m a t e r i a l  as a residue.  
of the s t e r e o  pair  ( F i g u r e  5) taken with two different  t i l t  posit ions of the p a r t i -  
cle on a tilting s tage.  This  interpretat ion would lend suppor t  to the possibil i ty 
that  radiat ion damage annealing h a s  o c c u r r e d ,  because  the mottled r e s i d u e  i n  
this c a s e  could be the r e s u l t  of mechanical  c a u s e s  and not n e c e s s a r i l y  of 
chemica l  reac t ions  o r  vaporizat ion phenomena. 
0 
The 2.8A d-spacing i s  c lose  to that of 
However , definite identification 
Hemenway and Soberman (1962) w e r e  able to produce a similar 
A third 
This is suggested by examinat ion 
F i g u r e  6 shows par t ic les  f r o m  s c r e e n  N-16. 
type t e r m e d  "fluffy" by Soberman e t  al. (1961) and considered by them to be 
of e x t r a t e r r e s t r i a l  or igin.  The par t ic les  have highly i r r e g u l a r  outl ines and 
a p p e a r  to be composed of a m o s a i c  of s m a l l e r  polygonal units. The l a r g e s t  
i s  about 1 / 4  m i c r o n  and they range  in s i z e  down to l e s s  than 1 /10  micron .  
The p ic tures  before  heating and af ter  6OO0C show the s a m e  p a r t i c l e s ;  the o n e  
a f te r  8OO0C is a n  adjoining group of the s a m e  type. No changes s e e m  to have 
taken place in par t ic le  morphology and no diffract ion effects  w e r e  observed ,  
even with a tilting stage.  
These  a r e  a l a r g e  s w a r m  of the 
--
A f t e r  the 8OO0C heating, i t  w a s  found that  s o m e  
9 
10 
rupture  of the subs t ra te  n e a r  the par t ic les  had o c c u r r e d ,  so  i t  was  decided 
to subject  the par t ic les  a t  this point to e lec t ron  probe ana lys i s  in an a t tempt  
to obtain composition information before  possibly losing them with f u r t h e r  
heating. 
If these  par t ic les  a r e  indeed e x t r a t e r r e s t r i a l ,  the i r  fa i lure  to yield diffraction 
pa t te rns  is because (1) they a r e  amorphous ,  (2) they a r e  radiat ion-damaged 
but m u s t  be heated above 8OO0C to be annealed, o r  ( 3 )  they a r e  so intensely 
radiation-damaged that they a r e  not capable of being annealed,  as P r i m a k  
(1960) found to be the c a s e  with quar tz  that  was  intensely i r r a d i a t e d  with f a s t  
neutrons.  If the f i r s t  c a s e  is t r u e ,  the radiat ion damage c r i t e r i o n  f o r  e x t r a -  
t e r r e s t r i a l  origin would not be applicable universal ly .  
s i tuat ion if the third c a s e  i s  t r u e  if  hea t  annealing is used to de tec t  radiat ion 
damage. If these a r e  contaminants ,  on the o t h e r  hand, they have no bear ing  
on the validity of the radiat ion damage c r i t e r i o n .  
tion behavior is explained by the i r  amorphous na ture .  
This  is a l so  the 
In this c a s e ,  the i r  diffrac-  
A par t ic le  f r o m  s c r e e n  P - 1 5  i s  shown in F i g u r e  7. 
i t s  longest  dimension and has  a three-lobed f o r m  suggest ing a m e r g e r  of 
t h r e e  m o r e  o r  l e s s  s p h e r i c a l  par t ic les .  I t  showed l i t t le ,  i f  any, change a f t e r  
2OO0C (the apparent  dis tor t ion in the picture  i s  caused by i ts  tilted position 
on the tilting stage).  
p r o g r e s s i v e  disintegration until  nothing but a faint  res idue  was left  a f t e r  
1 ,  O O O ° C .  
ing in the 800°C diffraction pa t te rn  a r e  probably assoc ia ted  with the nucleation 
of the nickel shadow coat  to a m o r e  c o a r s e l y  c rys ta l l ine  s ta te .  
I t  is about 0 .  8 m i c r o n  in 
Beginning with the 4OO0C heating, however ,  i t  showed 
No diffraction effects w e r e  observed .  The sporadic  spots  a p p e a r -  
S c r e e n  A-16  is still undergoing heating t e s t s .  
a dense ,  spher ica l  c o r e  with a somewhat  l e s s  dense  r im providing a polygonal 
outline. I t  is about 1 / 2  m i c r o n  in d i a m e t e r .  
par t ic le ,  about 1.5 m i c r o n  in i ts  longest  dimension,  that  was only discovered 
a f t e r  the 4OO0C heating. 
to this tempera ture .  
F i g u r e  8 shows a par t ic le  with 
F i g u r e  9 shows a l a r g e  fluffy 
I t  yielded no diffraction pa t te rn  a f t e r  being heated 
An interest ing instance of how spherical- looking,  one-shadowed contaminants  
change with heating i s  afforded by the par t ic les  shown in F i g u r e  10 f r o m  
I -  
8 
I 
1 
1 
8 
I 
I 
8 
I 
I 
I 
I 
I 
8 
I 
I 
s c r e e n  C-16. 
polygonal, par t ic les  most ly  between 1 /10  and 1 / 5  micron .  
s tage  except  that  at 2OO0C, the par t ic les  pictured show only one shadow. 
The par t ic les  a t  the 2OO0C s t a g e ,  f rom another  m e s h  opening on the s a m e  
s c r e e n ,  have two shadows. 
showing both single and double shadows s t rongly sugges ts  that  all a r e  con- 
taminants  that  en tered  during the deposition of the f i r s t  shadow coat. 
s ibly,  they a r e  incompletely vaporized drople t s  of nickel  s o m e  of which 
a r r i v e d  j u s t  before ,  o t h e r s  j u s t  a f te r ,  the shadow coat. Compar ison  of the 
p a r t i c l e s  in success ive  heating s tages  shows that they have become c i r c u l a r  
and have expanded in s i z e ,  although the d a r k  c r e s c e n t  shadow m a r k i n g  the 
or ig ina l  par t ic le  boundary maintains i ts  s i z e  m o r e  o r  l e s s  unchanged. 
was  a s c r e e n  in which good evidence was observed  of tungsten-ti tanium 
diffusion, which accounts f o r  the highly c rys ta l l ine  s u b s t r a t e  and the breaking 
up of the s c r e e n  a f te r  1, OOO°C. 
which show not only sharpening of the nickel r ings  but a l so  additional r ings  
and the spot  pat tern a t  1 ,  OOO°C, probably caused by chemica l  reac t ions  
among the s u b s t r a t e  m a t e r i a l s .  
These  a r e  a group of m o r e  o r  l e s s  s p h e r i c a l ,  in p a r t  
At e v e r y  heating 
Such a c lose  assoc ia t ion  of s i m i l a r  par t ic les  
Pos-  
This  
I t  a lso accounts  f o r  the diffraction pa t te rns  
To s u m m a r i z e  the r e s u l t s  of the heating t e s t s ,  new diffraction spots  w e r e  
found in a par t ic le  that  had a l so  undergone morphologic change ( s c r e e n  G-16),  
but another  par t ic le  that  showed morphologic change ( s c r e e n  P-15) and o t h e r s  
that did not ( s c r e e n  N -  16) showed no new diffract ion spots .  Quite possibly,  the  
two individual p a r t i c l e s  t e s t e d  that changed in  the c o u r s e  of heating a r e  not of 
e x t r a t e r r e s t r i a l  o r ig in  because s i l icates  and i r o n ,  of which, a t  f i r s t  g u e s s ,  
m i c r o m e t e o r i t e s  m a y  be l a r g e l y  composed, a r e  s tab le  a t  these t e m p e r a t u r e s .  
(It is a s s u m e d  that  they a r e  a l so  stable under these  conditions in  par t ic les  of 
submicron  s i z e s ,  but this assumption should be tes ted . )  
nique m a y  thus have diagnostic value beyond that  of radiat ion damage 
annealing alone. 
two shadows on s c r e e n  C-16, as well as organic  subs tances  and possibly 
hydra tes  and other  m a t e r i a l s ,  c a n  easi ly  be distinguished f r o m  s tab le  m a t e -  
rials by heat-produced morphologic changes even  though all par t ic les  m a y  
have only one shadow. 
The heating tech-  
Contaminant par t ic les  of the type found with both one and 
11 
If the group of fluffy par t ic les  tes ted a r e  of e x t r a t e r r e s t r i a l  o r ig in ,  the i r  
fa i lure  to show e i ther  morphologic changes o r  diffraction pa t te rns  m a y  
indicate that the radiat ion damage  c r i t e r i o n  is not applicable to par t ic les  
of this type. On the o ther  hand, these ,  too, m a y  be contaminants .  To 
de termine  conclusively whether  radiat ion damage  i s  a c r i t e r i o n  f o r  e x t r a -  
t e r r e s t r i a l  or igin w i l l ,  t h e r e f o r e ,  r e q u i r e  t e s t s  on many m o r e  p a r t i c l e s  and 
the integration of d a t a  f r o m  these  t e s t s  with composi t ion information e s p e -  
cially,  a.s well as with morphologic and o t h e r  information. Additionally, 
f u r t h e r  investigation of heat-produced morphologic changes in s i l i c a t e s ,  i r o n ,  
and o ther  appropriate  m a t e r i a l s  should b e  undertaken because these  changes 
m a y  wel l  be of value in classifying c e r t a i n  par t ic le  types as contaminants .  
E l e c t r o n  Probe  Analysis  
E l e c t r o n  probe ana lys i s  was c a r r i e d  out with a n  Applied R e s e a r c h  L a b o r a -  
t o r i e s  Model EMX elec t ron  microprobe  X - r a y  ana lyzer .  
s c r e e n  G-16 was subjected to ana lys i s ;  the fluffy par t ic les  on s c r e e n  N-16 
a r e  present ly  being examined. 
The par t ic le  on  
Because  l i t t le work has  been done on  s u b m i c r o n  par t ic le  ana lys i s  with the 
e l e c t r o n  probe, a l a r g e  portion of the p r e l i m i n a r y  effor t  made in this study 
w a s  n e c e s s a r i l y  devoted to developing s u c c e s s f u l  techniques.  
f i r s t  difficulties encountered was the location of the par t ic le  with the probe, 
s ince  the light microscope  of the EMX does not give a high enough magnif ica-  
tion to s e e  i t  directly.  
sequence of pictures of success ive ly  lower magnification, i t  was  possible  to 
local ize  the subs t ra te  a r e a  sufficiently f o r  the par t ic le  to be picked up by the 
beam. 
of the par t ic le  and of neighboring contaminants which a s s i s t e d  g r e a t l y  in 
locating it. 
showing the par t ic le  and i ts  neighbors.  
One of the 
With the use  of the e l e c t r o n  microscope  to obtain a 
F igure  11 shows the low-magnification e l e c t r o n  microscope  picture  
Figure 12 is the back-sca t te red  e lec t ron  display of the probe 
X - r a y  s c a n s  showed only that two of the contaminant  par t ic les  contained N a  
( F i g u r e  13) a n d  one contained F e  ( F i g u r e  14), nei ther  of which was found in 
the par t ic le  of in te res t .  
counts w e r e  made to detect  the e lements  f r o m  Mg to Ti  (a tomic n u m b e r s  12 
The beam w a s  next s e t  on the par t ic le  and 1 0 - s e c  
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through 22), as  well as  C r ,  Mn, F e ,  N i ,  Zn,  Au, and P b .  None w e r e  found, 
possibly because the par t ic le  m a y  have become too thin in the c o u r s e  of the 
heating t e s t s .  I t  is l ikely that with longer  counting per iods and with o t h e r  
improvements  in technique the major e lements  p r e s e n t  in the par t ic le  will 
be detected.  
Abundance and Size Data 
A total  of eight individual one-shadowed par t ic les  was  found on  the four 
s c r e e n s  indicated in F i g u r e  2. 
on  two of these s c r e e n s ,  the l a r g e  s w a r m  of a t  l e a s t  58 fluffy par t ic les  on 
N-16 and a group of 5 on P-15.  
F i g u r e s  15 through 18. F igure  16 is interest ing with r e g a r d  to the s o u r c e  of 
fluffy par t ic les .  Although the large par t ic le  shown is itself dense a t  the ten- 
t e r ,  i t  is surrounded by a dozen o r  m o r e  small fluffy par t ic les  that appear  to 
have been thrown off f r o m  its edges. 
i n t e r e s t  because  of i ts  resemblance  to the par t ic le  on  s c r e e n  G-16 (F igure  4) 
that  yielded diffraction spots  with heating. 
In addition, groups of par t ic les  w e r e  found 
Those not a l r e a d y  pictured a r e  shown in 
The par t ic le  in F i g u r e  17 i s  a l s o  of 
To calculate  the abundance data,  we note that a c e n t r a l  a r e a  of the s c r e e n  of 
2. 1 - m m  diam is open to view in the e l e c t r o n  microscope .  
a r e a  m a k e s  up 56% of the t i tanium s c r e e n  and 70% of the tungsten,  giving 
1. 9 and 2 . 4  m m  , respect ively,  for the available scanning a r e a  of e a c h  
s c r e e n .  
The open m e s h  
2 
The total  a r e a  of the 10 titanium and 7 tungsten s c r e e n s  scanned in 
L this s tudy is, then, 36 mm . If the 2 groups a r e  counted each  as a single 
par t ic le ,  the total  of one-shadowed par t ic les  is 10, giving a value of 0. 3 
p a r t i c l e / m m  of col lector  a r e a .  If, on the o ther  hand, e a c h  par t ic le  of the 
group is counted, the l a r g e  fluffy group dominates  the total ,  which now r i s e s  
to 71. 
T h e s e  f igures  can  be compared with the value of 7 p a r t i c l e s / m m 2  given by 
S o b e r m a n  e t  al. (1961) for  the Venus F ly t rap .  
however ,  that  the Venus F l y t r a p  data a r e  f o r  par t ic les  es t imated  to have 
been e x t r a t e r r e s t r i a l ,  the suspected one -shadowed contaminants  having been 
el iminated f r o m  the count. In the case of this study, the count is  f o r  all one- 
shadowed par t ic les ,  with the few exceptions mentioned e a r l i e r ,  so  that the 
2 
This gives a value of 2 p a r t i c l e s / m m 2  of col lector  a r e a .  
I t  m u s t  be r e m e m b e r e d ,  --
two flux values  a r e  not s t r i c t ly  comparable .  
the scanning efficiency can  be obtained f r o m  the f a c t  that  of the total  of 
8 pa r t i c l e s  and 2 groups ,  2 pa r t i c l e s  w e r e  d iscovered  dur ing  examinat ion 
a f te r  the heating t e s t s ,  not in the o r ig ina l  preheat ing s c a n s .  
of 2570, taken as a m e a s u r e  of eff ic iency,  gives maximum flux values  of 
0 . 4  and 2.5 instead of 0.  3 and 2 p a r t i c l e s / m m 2  in the two c a s e s  above. 
the fluffy par t ic les  (one group of 58 and 2 individual) a r e  taken to be the only 
e x t r a t e r r e s t r i a l  ones ,  the two flux values  become 0. 1 and 2 p a r t i c l e s / m m  . 
Evidently,  the f l u x  on  our  L u s t e r  co l lec tor  dur ing  the Leonid m e t e o r  shower  
i s  a t  m o s t  half the Venus F l y t r a p  value but  may  be a s  much a s  one o r  two 
o r d e r s  of magnitude l e s s .  
However ,  a rough e s t i m a t e  of 
This  i n c r e a s e  
If 
2 
In  s i z e ,  the par t ic les  range f r o m  about 0. 05 to 0 . 3  mic ron  in the group of 
58 fluffy par t ic les  and f r o m  0 .2  to 0 .5  m i c r o n  in the group of 5 pa r t i c l e s  on 
s c r e e n  P-15. F o r  the individual p a r t i c l e s ,  the s i z e s  a r e  1. 5,  0. 9 ,  0 .8  
( 3  p a r t i c l e s ) ,  0.5,  a n d  0 . 3 .  Data a r e  not avai lable  f o r  one par t ic le .  
S u m m a r v  of Resul ts  
14 
One group of 58 pa r t i c l e s  and 2 individual pa r t i c l e s  went completely through 
the hea t  annealing tes t s ;  2 individual ones a r e  s t i l l  being tes ted.  Of those 
for  which the tes t s  w e r e  completed,  one individual showed new diffract ion 
spots  a f t e r  600°C but a l so  showed morphologic  changes ,  the second showed 
morphologic  changes and no diffract ion a f te r  1 ,  O O O ° C ,  and the group of 
pa r t i c l e s  showed ne i ther  morphologic changes nor  diffract ion a f te r  8 0 0 ° C .  
The possibility cannot be  el iminated that all a r e  contaminants  and i t  i s  con- 
cluded that more  par t ic les  m u s t  be studied together  with composi t ion and 
o the r  data  before a conclusive answer  can  be given a s  to whether  rad ia t ion  
damage  dis t inguishes  e x t r a t e r r e s t r i a l  f r o m  t e r r e s t r i a l  pa r t i c l e s .  
the heat-produced morphologic changes m a y  be impor tan t  in  making this 
dist inction, s o  that  heating could prove to be a valuable diagnost ic  technique 
f o r  this as well  a s  f o r  rad ia t ion  damage  annealing. 
However , 
No chemica l  composition data  f r o m  the e l ec t ron  probe have yet been obtained 
f r o m  the par t ic les  except  f o r  the detect ion of N a  and F e  in s o m e  of the 
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contaminants .  
locating submicron  par t ic les  in the probe. 
Success  was achieved in the development of techniques for  
Flux values fo r  the L u s t e r  f l ight,  based on 8 individual par t ic les  and 2 groups 
of pa r t i c l e s ,  a r e  0 .3  and 2 par t ic les /mrn2,  the f i r s t  value applying if each  
group i s  counted as a single par t ic le ,  the second if e v e r y  par t ic le  in the 
group i s  counted. 
contaminants o r  f o r  scanning efficiency. 
range 0. 1 to 1 micron ,  the par t ic les  in the groups being l e s s  than 0 . 5  mic ron ,  
the individual par t ic les  being mostly g r e a t e r  than 0.  5 micron .  
These  values do  not include co r rec t ions  f o r  one-shadowed 
Sizes  a r e  a l m o s t  en t i re ly  in the 
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RECOMMENDED FUTURE STUDIES 
Recommendat ions f o r  future  work a re  as follows: 
1 .  
2.  
3 .  
4. 
5. 
Find and t e s t  m o r e  par t ic les .  
in  studying diffraction effects and par t ic le  morphology. 
Continue and expand the composition s tudies  with the e lec t ron  probe. 
Investigate heating inside the e lec t ron  microscope  with the heating 
s tage  o r  with the b e a m ,  if methods of cal ibrat ion c a n  be found. 
Heat t e s t  submicron  par t ic les  of olivine,  ens ta t i te ,  and o ther  s i l i -  
cates and of m e t e o r i t i c  or  similar i r o n  to s e e  whether  o r  not they 
show morphologic changes a t  1 ,  OOO°C and below, and, i f  they do,  
what these  changes are. 
m a t e r i a l s .  
I r r a d i a t e  olivine and enstati te par t ic les  to s e e  whether  e lec t ron  
diffraction c a n  be caused to d isappear  and, if so ,  whether hea t  
annealing can r e s t o r e  it. 
Make g r e a t e r  u s e  of the tilting s tage  
Do the s a m e  with l ikely contaminant 
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Figure 1. Titanium Supporting Screen 
for Luster Substrates, Show- 
ing Keyed Center Hole 
DIAMETER IS 3.05 mm. TUNGSTEN 
SCREENS ARE SIMILAR 
Figure 2. Collection Surface Flown 
on 1965 Luster Rocket 
SCREENS ARE 3.05 mm IN DIAMETER 
AND COLLECTOR MEASURES 55x 50 
mm. CIRCLES INDICATE SCREENS ON 
WHICH ONE-SHADOWED PARTICLES WERE 
FOUND; SQUARES INDICATE SCREENS 
ON WHICH NONE WERE FOUND. THE 
SERVES TO IDENTIFY THE SCREENS 
LETTER-NUMBER COORDINATE SYSTEM 
F gure 3. Tube Furnace used in  
Heating Experiments 
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Figure 5 .  Stereo Pair of Part icle on Screen G-16 
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BEFORE HEATING 600°C 
800°C 
Figure 6. Fluffy Part icles on Screen N-16 
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BEFORE HEATING 
200°C 
400°C 
Figure 7. Three-Lobed Par t ic le  on Screen P-15 and I t s  Diffract ion Pat terns 
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Figure 7. (Continued) 
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BEFORE HEATING 
Figure 8. Par t ic le  on Screen A-16 
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Figure 9. Large Fluffy Part icle on Screen A-16 and i t s  Diffraction Pattern 
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LIBRARY CARD ABSTRACT 
One group of 58 pa r t i c l e s ,  another  of 5 p a r t i c l e s ,  and 8 individual pa r t i c l e s  
w e r e  found in  a collection made with the NASA-Ames R e s e a r c h  Cen te r ' s  
1965 L u s t e r  rocket .  
j ec ted  to hea t  annealing t e s t s  to s e e  if radiat ion damage  i s  a c r i t e r i o n  f o r  
m i c r o m e t e o r i t e s .  
but i t  a l so  showed morphologic changes.  
e s t ab l i sh  o r  r e j e c t  the radiat ion damage c r i t e r i o n ,  but the heat-produced 
morphologic  changes observed  may a l so  prove impor tan t  in distinguishing 
m i c r o m e t e o r i t e s  f r o m  contaminants.  The flux observed ,  uncorrec ted  f o r  
contaminants  o r  scanning efficiency, i s  0. 3 p a r t i c l e / m m  
face  if the groups a r e  counted a s  single pa r t i c l e s ,  o r  2 p a r t i c l e s / m m 2  if 
e v e r y  pa r t i c l e  in the group i s  counted. 
r ange  0. 1 to 1 micron .  
The l a r g e  group and 2 individual pa r t i c l e s  w e r e  sub-  
Only one showed evidence of radiat ion damage annealing 
M o r e  pa r t i c l e s  m u s t  be studied to 
2 of co l lec tor  s u r -  
S i zes  a r e  a lmos t  en t i r e ly  in the 
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